Abstract Semaphorins are guidance proteins that play important roles in organogenesis and disease. Expression of class 3 semaphorins and their receptors is regulated during kidney development. Gain-and loss-of-function experiments demonstrated that tight semaphorin3a gene dosage is required for podocyte differentiation, and for the establishment of a normal glomerular filtration barrier. Sema3a modulates kidney vascular patterning acting as a negative regulator of endothelial cell migration and survival. Excess podocyte semaphorin3a expression causes glomerular disease in mice. In addition, Sema3a is a negative regulator of ureteric bud branching, whereas Sema3c is a positive regulator of ureteric bud and endothelial cell branching morphogenesis. In summary, secreted semaphorins modulate ureteric bud branching, vascular patterning, and podocyte-endothelial crosstalk, suggesting that they play a role in renal disease. Understanding the signaling pathways downstream from semaphorin receptors will provide insight into the mechanism of action of semaphorins in renal pathology.
Introduction
Semaphorins are guidance proteins that influence cellular morphology and function, and play important roles in organogenesis and disease [1] . Semaphorins, initially identified as axon repellents and subsequently recognized as attractant and repellent cues for multiple cell types, are phylogenetically conserved from C. Elegans to humans. Semaphorin proteins are defined by a common 500-aminoacid sema domain, a plexin-semaphorin-integrin (PSI) domain, and a specific C-terminal domain, which allows to group them in classes 1-8. Semaphorins are membrane bound (class 1, 4-6), secreted (class 2-3) or glycosyl phosphatidyl-inositol linked (class 7). The diverse protein structure and binding affinity to multiple receptor complexes provides the basis for semaphorin long or short-acting guidance cues. Class 3 semaphorins include sema3a through sema3g [2] . The receptor complex that transduces class 3 semaphorin signals involves several proteins. Neuropilins 1 and 2 are semaphorin-binding receptors that form a complex with the signaling receptors plexins A and D [3, 4] , except for sema3e, which binds plexinD 1 directly. Neuropilin1 and 2 exhibit binding specificities for class 3 semaphorins: sema3a, sema3b, and sema3c bind to neuropilin1, whereas only Sema3b, 3c, and 3f bind neuropilin2 [5, 6] . Neuropilins are also co-receptors for VEGF-A [1] . Neuropilins are single transmembrane glycoproteins that share about 40% sequence identity and consist of a large extracellular domain, and very short transmembrane and cytoplasmic domains [3, 7] . Neuropilin extracellular A and B domains encode binding sites for sema3a and VEGF 165 , which are distinct but adjacent, and have binding enhancer sequences in each other's binding regions [7] , explaining some of the observed functional competition between sema3a and VEGF 165 [8] [9] [10] . Plexins are conserved transmembrane proteins that transduce semaphorin signals [4, 11] . Sema3a binds neuropilin1 to assemble and activate a neuropilinplexin holoreceptor complex [4] . In addition, secreted semaphorin signaling complexes can include cell adhesion molecules, such as L1 [12] , receptor tyrosine kinase (RTK) co-receptors, such as VEGFR2 and OTK [13] , and integrin receptors [14] . Therefore, cell-specific expression of semaphorin receptors and diverse co-receptors dictate the guidance cue effects on cell morphology or function. The intracellular signaling downstream from plexinA involves multiple pathways, including protein kinases such as PI3K/ Akt, Fyn, and GSK3β, which interact with CRMPs and thereby regulate microtubule and actin dynamics, as well as Rho GTPases and MICAL, which also regulate actin dynamics (reviewed in [1, 15] ). This review is focused on the role of class 3 semaphorins, specifically sema3a and sema3c, in kidney development and disease.
Expression of class 3 semaphorins and their receptors is regulated during kidney development
Sema3a and sema3f mRNA expression are detected in E12.5 mouse and E14 rat kidneys, and are developmentally regulated, such that expression levels are higher in E14 and newborn than in adult rat kidneys, and the localization of transcripts becomes limited to fewer structures as maturation proceeds [16] . In developing kidneys, sema3a and sema3f transcripts localize to S-shape bodies and ureteric buds. In mature kidneys, sema3a and sema3f localize to podocytes, distal tubules and collecting ducts. We have also identified Sema3b,3c,3d,3e and 3g mRNA expression in newborn mouse kidneys [17] . Sema3a and sema3f receptors, neuropilin-1 and neuropilin-2, are also expressed at higher levels in developing kidneys as compared to adult ones, and localize to the vascular cleft of S-shaped bodies. PlexinA 1 mRNA is expressed at low levels in the kidney at E14, whereas plexinB 1 and plexinB 2 mRNAs are expressed in glomeruli and cap mesenchyme at E16-E18 [18] . Class 3 semas (a-f), neuropilin 1 and 2, and plexinsA 1 -A 3 and D 1 are expressed in cultured podocytes [19] . The fact that Sema3a and 3f have overlapping expression patterns suggests that semaphorins may work in concert in the kidney. Congruent with this, Sema3b and sema3e mRNAs were upregulated in newborn kidneys harboring increased Sema3a expression or Sema3a deletion, respectively [17] . Notably, Sema3a and sema3f transcripts localized to sites of vascular endothelial growth factor (VEGF-A) expression, and semaphorin receptors neuropilins 1 and 2 localized to sites of VEGF receptor-2 (VEGFR2) expression, i.e., podocytes, endothelial cells, and collecting tubules [9, 16, 20, 21] . As VEGF 164 and Sema3a compete for neuropilin1 binding [7, 8, 22] , we proposed that the signaling pathways might interact and modulate renal development.
Sema3a modulates kidney vascular patterning acting as a negative regulator of endothelial cell migration and survival
To investigate the role of Sema3a in kidney vascular patterning, gain-and loss-of-function mouse models were used [17] . Sema3a null kidneys exhibited abnormal vascular patterning, with increased Flk1-LacZ positive endothelial cells throughout the kidney, and increased endothelial cells filling capillary lumens, suggesting that the absence of Sema3a-mediated inhibition of endothelial migration led to abnormal vessel patterning and excess endothelial cells. We determined that the increased endothelial cell number in Sema3a -/-mutants was due to decreased endothelial cell apoptosis. Conversely, mice overexpressing Sema3a in podocytes during renal organogenesis developed endothelial cell apoptosis and glomerular hypoplasia. In addition, recombinant Sema3a inhibited endothelial cell migration into embryonic kidney explants in co-culture experiments and in migration assays, demonstrating that sema3a functions as a chemorepellent guidance cue for glomerular endothelial cell migration. These findings are consistent with the Sema3a mutant glomerular phenotype and with previous reports on endothelial cells [8] . By contrast, VEGF-A promotes endothelial cell survival and acts as a chemoattractant, driving endothelial cell migration into the vascular cleft of the S-shaped nephron [20, 23] . Collectively, these findings suggest that a balance between VEGF-A and Sema3a signaling pathways regulates endothelial cell number and vascular patterning during glomerulogenesis.
Sema3a is a negative regulator of ureteric bud branching
The role of Sema3a in the developing ureteric bud was examined in vitro using embryonic kidney explants exposed to recombinant Sema3a or Sema3a antisense morpholino and in vivo in Sema3a -/-:Hoxb7GFP mice [24] . Hoxb7GFP mice express GFP in ureteric bud lineage cells [25] . Explant exposure to Sema3a reduced ureteric bud branching, whereas Sema3a knockdown and Sema3a gene deletion increased bud branching, indicating that Sema3a is a negative regulator of ureteric bud branching morphogenesis. Moreover, explant exposure to recombinant Sema3a decreased GDNF expression and Ret phosphorylation. Neuropilin-1, the binding sema3a receptor, was identified in ureteric bud derived cells. VEGF-A stimulates proliferation and branching of ureteric bud via phosphorylation of the Ret receptor and upregulation of its major ligand, glial-derived neurotrophic factor (GDNF) [9, 26] . Sema3a-induced inhibition of ureteric bud branching was rescued by VEGF 165 , suggesting that the balance between Sema3a and VEGF signaling pathways regulates ureteric bud branching and thereby modulates nephron number [24] . Together, Sema3a and VEGF signaling pathways coordinate vascular and epithelial patterning during kidney morphogenesis, via direct effects on vasculogenesis, angiogenesis and ureteric bud branching [17, 24] . Two class 4 semaphorins, sema4c and sema4d, have been recently shown to be negative modulators of ureteric bud branching, suggesting overlapping functions to sema3a [27, 28] .
The role of Sema3a in podocyte-endothelial crosstalk
Sema3a expression in the mature podocyte persists after completion of glomerular development [16] . In vitro, recombinant Sema3a induced podocyte apoptosis and decreased the association of the slit-diaphragm proteins nephrin, podocin and CD2AP, suggesting that podocyte Sema3a has cell autonomous functions [19] . In vivo, overexpression of podocyte Sema3a during kidney organogenesis resulted in a delay of foot process development and absence of slit diaphragms [17] . This was associated with downregulation of WT-1 and nephrin, suggesting that Sema3a signaling modulates podocyte differentiation signaling pathways. Endothelial apoptosis induced by excess podocyte Sema3a, and excess endothelial cells in Sema3a -/-, strongly suggested that Sema3a has non-cell autonomous functions in glomerular development, involving podocyte and endothelial cell crosstalk [17] .
To investigate the role of Sema3a in the mature kidney, recombinant Sema3a was given intraperitoneally to wild-type mice [10] , and Sema3a overexpression was induced in adult mice. Sema3a administration caused acute proteinuria, foot process effacement, and endothelial cell swelling, which were reversible within 24 h and were abrogated by co-administration of rVEGF 165 [10] . Similarly, overexpression of podocyte Sema3a in adult mice induced glomerular disease (Reidy et al. 2011 unpublished data used with permission). Sema3a-induced abnormalities were associated with downregulation of VEGFR2, which was also detected in mice overexpressing podocyte Sema3a during development [17] , and isolated podocytes exposed to sema3a [19] , suggesting that excess sema3a signaling interferes with VEGF-A signaling. Consistent with this, Sema3a overexpression glomerular phenotype resembles podocyte VEGF knockdown during organogenesis (Veron et al. 2011 unpublished results used with permission). Overexpression of VEGF 164 in podocytes induces distinct glomerular diseases, depending on the developmental stage and magnitude of VEGF excess [21, 29, 30] . Collectively, these findings suggest that the balance of Sema3a and VEGF-A expression in podocytes is important not only during kidney development but also to maintain the integrity of the glomerular filtration barrier in the adult kidney. Ongoing studies are exploring how Sema3a and VEGF-A signals interact with the slit-diaphragm signaling complex.
Sema3a expression is increased in experimental models of proteinuric kidney disease
We have identified increased Sema3a mRNA and protein expression in experimental models of glomerular disease, including db/db kidneys and PAN nephrosis (Fig. 1) , as well as streptozotocin-induced diabetes [31] . Interestingly, sema3a expression was decreased in HIV-infected podocytes, while HIV-induced collapsing focal glomerulosclerosis was associated with upregulation of VEGF, neuropilin-1, VEGFR1, and VEGFR2 [32] . These findings further support the concept that the balance between Sema3a and VEGF-A signaling continues to be required in podocytes after completion of kidney development, and suggests that guidance proteins and angiogenic factors, such as Sema3a and VEGF, play a pathogenic role in human proteinuric kidney disease.
Sema3c is a positive regulator of ureteric bud and endothelial cell branching morphogenesis
The role of Sema3c in the developing ureteric bud was examined in vitro using embryonic kidney explants exposed to recombinant Sema3c, and in vivo in Sema3c -/-: Fig. 1 Sema3a overexpression in glomerular disease: a qPCR: sema3a mRNA increased ∼4-fold in PAN nephrotic rat glomeruli; b sema3a mRNA increases 2-fold in Db/Db diabetic glomeruli. All values were calculated as described [18] and normalized to GAPDH Hoxb7GFP mice. Recombinant sema3c induced an increase in ureteric bud branching (Fig. 2a, b) , whereas Sema3c null mutants showed decreased ureteric bud branching (Fig. 2c,  d ). Interestingly, Sema3a/3c double null mutant mice (Sema3a -/-:Sema3c -/-:Hoxb7GFP) revealed a more severe branching phenotype, as compared to the wild-type or any heterozygote combination (Fig. 2e-f ). These findings suggest that Sema3a and Sema3c modulate ureteric bud branching in opposite directions, but Sema3c plays a more robust role, such that deletion of both genes results in decreased ureteric bud branching. Moreover, the litter size from double heterozygote crossbreeding decreased from 10.2 ±0.60 at E13.5 to 6.3 ± 1.2 at E.14.5 (p <0.05), indicating embryonic lethality. Further, at E15.5 no double null embryo was alive (n=0/8), likely due to complex cardiac abnormalities (data not shown). By contrast, double heterozygotes appeared normal, and both Sema3a -/-and Sema3c -/-were perinatal lethal, due to concentric cardiomyopathy and severe outflow tract abnormalities, respectively, as reported [33, 34] . Sema3c plays an important role in endothelial cell guidance during vascular development, as evidenced by cardiac outflow tract patterning abnormalities in null mutant mice [34] . We examined the mechanisms whereby Sema3c regulates endothelial function [35] . Sema3c promotes glomerular endothelial proliferation and survival, enhances cell adhesion to fibronectin and collagen I, and stimulates β 1 -integrin activity [35] . In addition, Sema3c induces directional cell migration [35] and increases endothelial tube and network formation (Fig. 3) . These effects are mediated by Sema3c-induced VEGF 120 secretion, via neuropilin-1 and neuropilin-2 signaling, and are independent of integrin and VEGFR2 signals [35] . Collectively, these findings imply a new paradigm involving a crosstalk between sema3c and VEGF-A signaling resulting in similar functions, and contributing to the complexity of antagonistic sema3a vs. sema3c signals.
Conclusions and outlook
Semaphorins play an important role in patterning the developing kidney by modulating ureteric bud branching, vascularization, podocyte differentiation, and establishment of the glomerular filtration barrier. Semaphorin signals also contribute to maintain the integrity of the glomerular filtration barrier in the adult kidney. While sema3a dysregulation causes proteinuric renal disease in mice, there is still a gap to fill on the mechanism of action of semaphorins in renal pathology. Understanding the signaling pathways downstream from semaphorin receptors in renal cells will provide insight into how they regulate cell function and interactions. Defining the cross talk between semaphorin signaling and other pathways, including growth factors and integrins, will enable to identify a molecular hierarchy towards using the semaphorin cascade as novel therapeutic target. 
